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ABSTRACT 

The e v o l u t i o n  of a 1 5 ~ ~  star of p o p u l a t i o n  I o o m p o s i t i o n  i s  

described and  oompared w i t h  t h e  e v o l u t i o n  o f  l e s s  massive stars 

p r e s e n t e d  i n  ea r l ie r  papers of t h i s  s e r i e s  a n d  w i t h  t he  e v o l u t i o n  

o f  a 15.6M0 s t a r  o a l o u l a t e d  by H a y a s h i  a n d  h i s  c o l l a b o r a t o r s .  

D u r i n g  the aore hydrogen-burn ing  phase, the e v o l u t i o n  of the 1 5 M 0  

s tar  is q u a l i t a t i v e l y  a l m o s t  i d e n t i c a l  w i t h  the  e v o l u t i o n  of the 

l i g h t e r  stars. 

c o n t r a c t i o n  a n d  hydrogen  she 11 deve lopmen t ,  mat ter  becomes u n s t a b l e  

a g a i n s t  c o n v e c t i o n  i n  a large r e g i o n  e x t e n d i n g  ou tward  f r o m  the  

In t he  1 5 M 0  s t a r ,  d u r i n g  the phases o f  aOera l l  

d e v e l o p i n g  shell.  The r e d i s t r i b u t i o n  o f  c o m p o s i t i o n  var iab les  i n  

t h i s  r e g i o n  has a n  e f f e c t  on the s u r f a c e  a b u n d a n c e s  when the s t a r  

reaches the red g i a n t  t i p .  Core h e l i u m - b u r n i n g  I n  t he  15M0 s t a r  

o a c u r s  a t  m u c h  higher surface t e m p e r a t u r e s  t h a n  i s  the  case w i t h  

l ess  massive stars a n d  r equ i r e s  a s i g n i f i c a n t l y  l o n g e r  t i m e  i n t e r v a l  

t h a n  t ha t  f o u n d  f o r  t he  1 5 . 6 ~ ~  star. 

H a y a s h i  and  Cameron, the s u r f a o e  t e m p e r a t u r e  o f  the 1 5 M ,  star i n c r e a s  

t h r o u g h o u t  the o o r e  h e l i u m - b u r n i n g  phase. P a s s a g e  a c r o s s  the o b s e r -  

v a t i o n a l  Cepheid strip a n d  mot ion  a l o n g  the red g i a n t  b r a n c h  d o e s  

n o t  o c c u r  u n t i l  n e a r  the e n d  of the core h e l i u m - b u r n i n g  phase of 

the  1 5 M 0  star. 

C o n t r a r y  t o  the r e s u l t s  of 



I. PRELIMINARY RENAFIKS 

t i o n  u s e d  i n  A l l  c o n s t i t u t i v e  r e l a t i o n s  a n d  me thods  of s o l  

the o a l o u l a t i o n  of 15 Mg e v o l u t i o n  are  i d e n t i c a l  w i t h  t h o s e  des- 

o r b b e d  i n  P a p e r s  I - IV of this series (Iben 196%, be 0 ,  a n d  d). 

N o t a t i o n  a n d  symbol5,employed in the p r e s e n t  paper are a l s o  t he  

same as i n  P a p e r s  I - I V .  

, 

The pre-main s e q u e n o e  e v o l u t i o n  of t he  15 &le s t a r  is d i s c u s s e d  

i n  Paper I. The d e s c r i p t i o n  i n  the p r e s e n t  work of evo lh f t ion  f rom 

the  main  s e q u e n c e  t o  t h e  c o r e  h e l i u m - e x h a u s t i o n  phase is based on 

500 mode l s ,  each o o n t a i n l n g  u p  t o  320 mass shells.  These numbers  

are  g o v e r n e d  by the n e c e s s i t y  o f  m e e t i n g  r e s t r i c t i o n s  on  t i m e  

i n t e r v a l s  be tween  s u c c e s s i v e  m o d e l s  and  r e s t r i o t i o n s  on mass shell 

s i z e s  as described i n  Appendix A of P a p e r  1. 
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11. PATHS I N  THB HEHTZSPRUNG-RUSSBLL 

DTAGRAM AND COMPARATIVE LIFETI-S 

The s o l i d  o u r v e  j o i n i n g  c i rc led  p o i n t s  i n  F i g u r e  1 r e p r e s e n t s  

the e v o l u t i o n a r y  path of t h e  1 5  Wg s t a r  ( i n i t i a l  o o m p o s i t i o n  XH - 
0 .708 ,  2 .I 0.02) i n  the H e r t z s p r u n g - R u s s e l l  diagram when the 

c e n t e r  o f  mass o r o s s  s e c t i o n  f o r  the C 

t o  be the same as i n  P a p e r  

o r o s s  s e c t i o n  i s  reduoed  by a f a c t o r  of t e n  ( rb12 I c i 2 / 1 0 ) ,  the  

p a t h  f o l l o w e d  by the 15 >Ic model s ta r  i s  d e f i n e d  by t h e  dashed 

c u r v e .  The s o l i d  l i n e  jo;.:irif: the boxed p o i n t s  r e p r e s e n t s  the evo=  

l u t i o n a r y  t r a c k  o f  the 15. J model  s tar ( i n i t i a l  c o m p o s i t i o n  XH I 

0.90, 2 = 0 . 0 2 )  computed by S a k a s h i t a ,  Ono, and  H a y a s h i  (1959) a n d  

by H a y a s h i  a n d  Cameron ( 1 9 6 2 a ) .  Times t o  reach labled p o i n t s  i n  

F i g u r e  1 are g i v e n  i n  T a b l e  1 i n  u n i t s  of 10  y r .  

1 2  (oC,))Ol6 r e a o t i o n  i s  c h o s e n  

). When the C12(<))016 
I’ ( v412 mv:12 

7 

0 

v412)  A n o t h e r  compar i son  between the 15 Ma star ( w i t h  Vil2 

and the 15.6 Mg star is rn u~ i n  T a b l e  2, where a b s o l u t e  and  r e l a t i v o  

t i m e  i n t e r v a l s  a s s o c i a t e d  with f o u r  e v o l u t i o n a r y  p h a s e s  are g i v e n .  

The l a rge r  main sequence l i f e t i m e  and  t h e  l o w e r  l u m i n o s i t i e s  d u r i n g  

t h e  o o r e  hydrogen-burn ing  s t a g e  f o u n d  by Sakshita et & may be 

a t t r i b u t e d  t o  the c h o i o e  o f  a l a rge r  i n i t i a l  hydrogen  c o n t e n t .  The 

l a rger  t i m e  i n t e r v a l  found  h e r e  f o r  the g r a v i t a t i o n a l  c o n t r a c t i o n  

phase may be ascribed i n  par t  t o  the f a c t  that the t r a n s f e r  of 

e n e r g y  t o  and  f rom the g r a v i t a t i o n a l  f i e l d  i s  oomputed a t  a l l  p o i n t s  

i n  the star, n o t  j u s t  i n  the s t e l l a r  oore ,  as i n  the models oon- 

s t r u o t e d  by Hayashi and Cameron. The l n o l u s i o n  of  the N14(d,))F18 

3 



r e a c t i o n s  i n  the p re sen t  work a c c o u n t s ,  i n  p a r t , , f o r  

the  la rger  t i m e  s p e n t  by the 1 5  Me s t a r  be tween the f o r m a t i o n  

o f  t h e  hydrogen-burn ing  she l l  and the o n s e t  of  the t r i p l e = &  1 -  . 

p r o o e s s  i n  the s t e l l a r  c o r e .  The d i f f e r e n c e  i n  c o r e  h e l i u m -  

b u r n i n g  l i f e t i m e s  be tween the 15 Mg and  l 5 * 6  M@ model stars 

c a n n o t  be d u e  p r i m a r i l y  t o  a di f fe rence  i n  the c h o i c e  o f  h e l i u m -  

10 
( P + V ) O  

b u r n i n g  ra tes ,  s i n c e  a r e d u c t i o n  by a f a c t o r  of t e n  i n  the  

C 1 2 ( d , )  )0l6 c r o s s  s e o t i o n  r e d u c e s  the h e l i u m - b u r n i n g  l i f e t i m e  

6 0 6 o n l y  f rom 1.571 x 1 0  y r (  T 

17g12/10). The d i s c r e p a n c y  may be d u e  i n  pa r t  t o  a d i f f e r e n c e  

i n  the d i s t r i b u t i o n  o f  hydrogen  w i t h i n  the s te l la r  i n t e r i o r  i n  

the two cases. 

- Vkl2) t o  1 , 4 4 2  x 10 yr(  c.. rb12 = 41 2 

The d i f f e r e n c e s  i n  t he  e v o l u t i o n a r y  paths i n  the H-R 

diagram f o l l o w i n g  t he  e x h a u s t i o n  o f  c e n t r a l  hydrogen ( a f t e r  

p o i n t s  4 '  and  i n  F i g u r e  1) may be p a r t i a l l y  d u e  t o  t he  f a c t  

t ha t  H a y a s h i  and  Cameron h a v e  c h o s e n  much larger  t i m e  i n t e r v a l s .  

The e v o l u t i o n  represented by the pa th  be tween p o i n t s  3 a n d  13 

i n  F i g u r e  1 has r e q u i r e d  t h e  c o n s t r u o t i o n  o f  o v e r  400 m o d e l s ;  

e v o l u t i o n  between p o i n t s  7 and 5 has i n v o l v e d  the o o n s t r u c t i o n  

of 17 models. 



III. FRON THE MAXN SEQUENCE 

TO THB ONSET OF 

The d i s c u s s i o n  i n  t h i s  

% 

%12 
c o n c e r n s  the o a s e  

( V ~ , , / l O )  o a s e  is deferred 

THE TRIPLLS-~ PROCESS 

s e c t i o n  and i n  t he  f o l l o w i n g  s e o t i o n  

A d i s c u s s i o n  of the r412 = 6 1 2 a  
until s e c t i o n  V. 

The v a r i a t i o n  w i t h  t ime  of p e r t i n e n t  o b s e r v a b l e  and  i n t e r i o r  
0 charac te r i s t ics ,  when Vk,, = Vb12, i s  g i v e n  i n  F i g u r e s  2-4. 

b e h a v i o r  of the 15 Mo star d u r i n g  t he  c o r e  hydrogen-burn ing  stage 

The 

i s  q u a l i t a t i v e l y  a l m o s t  i d e n t i c a l  w i t h  t he  b e h a v i o r  o f  t h e  3M0, 

5Mg, a n d  9Mo stars t rea ted  i n  the e a r l i e r  papers of t h i s  se r ies .  

The o n l y  s i g n i f i c a n t  d i f f e r e n c e  i s  the o c c u r r e n c e ,  i n  the  

15 Mo star,  of two c o n v e c t i v e  l a y e r s  j u s t  beyond the  c o n v e c t i v e  

c o r e .  These l a y e r s  are  de.ined by t h e  c r o s s - h a t c h e d  r e g i o n s  l ab l ed  

M and M i n  F i g u r e  2. .n previous work on m a s s i v e  stars (e. g,, 
!1 42 

S c h w a r z s c h i l d  and  H a r m  1956, Sakash i t a  a n d  H a y a s h i  1961, and  

S t o t h e r s  1 9 6 3 ) .  these regions have been t rea ted  as s e m i - c o n v e c t i v e .  

S i n c e  the p h y s i c a l  basis f o r  the conceDt  of s e m i - c o n v e c t i o n  i s  n o t  

t h e o r e t i c a l l y  w e l l  e s t ab l i shed ,  i t  i s  f e l t  tha t  a d h e r e n c e  i n  the 

p r e s e n t  work t o  t h e  s i m p l e  : &  -t ,ment of c o n v e c t i o n  i s  j u s t i f i e d .  

D u r i n g  the main sequence  p i l a s ~ ? ,  the r e d i s t r i b u t i o n  o f  hydrogen  

and  h e l i u m  i n  the o o n v e c t i v e  l a y e r s  beyond the c o n v e c t i v e  c o r e  i s  



It i s  w o r t h w h i l e  t o  p o i n t  o u t  t h a t ,  i n  s p i t e  o f  the hich c e n t r a l  
16 

t e m p e r a t u r e s  i n  the 15 Mg s t a r  ( s e e  T 

i n  the c o n v e c t i v e  o o r e  i s  n Q t  c o n v e r t e d  r a p i d l y  i n t o  N 1 4  d u r i n g  

t he  c o r e  hydrogen-burn ing  pnase (see X vs t i n  G i g u r e  2).  I n  

f a c t ,  0l6 n e v e r ' d o e s  reach s q u i l i b r i u m  w i t h  r e s p e c t  t o  

f u l l  CNO c y c l e  d o e s  n o t  op: rate d u r i n g  c o r e  hydrogen-burn ing .  This 

i s  d u e  t o  t h e  l a rge  s i z e  oi' t h e  c o n v e c t i v e  c o r e  (see  Mcc i n  F i g u r e  21, 

which o o n t a i n s  o v e r  o n e - t h i r d  o f  t h o  s t e l l a r  mass n e a r  t he  main  

vs t i n  F i g u r e  31,  0 
C 

16 
a n d  the 

I 

sequence .  A s  a oonsequence  of the large c o r e ,  the a v e r a g e , t e m p e r a -  

t u r e  sampled by a r e a c t i n g  p a r t i c l e  i s  much l o w e r  t h a n  the c e n t r a l  
1." 

t e m p e r a t u r e .  

Toward the e n d  o f  t h e  ; r ' ; v i t a t i o n a l  c o n t r a c t i o n  phase ( p o i n t s  I 

3 t o  4 i n  F i g u r e  l), the relative decrease i n  the n u c l e a r  e n e r g y  

p r o d u c t i o n  ra te  is c o n s i d e r a b l y  l a r g e r  i n  the 15 Mo star t h a n  i n  

a n y  of the l i g h t e r  stars s t u d i e d  p r e v i o u s l y  (compare the  c u r v e  

l o g ( L n )  vs t i n  F i g u r e  4 w i t h  t h o  same c u r v e  f o r  the 931, s tar i n  

F i g u r e  7 of P a p e r  IV). This is a c o n s e q u e n c e  of t h e  much  l a r g e r  

I 

I 

m a s s  f r a o t i o n  o v e r  which hydrogen has b e e n  d e p l e t e d  d u r i n g  e a r l y  

e v o l u t i o n  f r o m  the  main sequence.  

f r a c t i o n  i n  the c o n v e c t i v e  c o r e  d r o Q s  s l o w l y  f r o m  Mcc N 0.394 n e a r  

t he  main  s e q u e n c e ,  t o  Mcc N 0.183 a t  t = 1.0443 x 10'yr. 

d u e  t o  t h e  decrease i n  c o r e  n u c l e a r  e n e r g y  p r o d u c t i o n ,  t he  ra te  a t  

which the  o o r e  s h r i n k s  i n  mass f r a c t i o n  b e g i n s  t o  a c c e l e r a t e .  I n  

t he  9Mo star, the c o n v e o t i v e  core s h r i n k s  i n  m a s s  f r a o t i o n  f rom 

Moc-0.30 t o  Mco ~ 0 . 1 2 ,  b e f o r e  d e o r e a s i n g  r ap id ly  a t  the e n d  of 

t h e  g r a v i t a t i o n a l  o o n t r a o t i o n  phase. 

f n  the 15 Ma s t a r ,  the m a s s  

Thereafter, 

6 
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7 Between t I 1.04462 x 10 y r  a n d  t I 1.01666 x 1 0 7 y r ,  the 

r a t e  o f  n u c l e a r  e n e r g y  p r o d u c t i o n  i n  t h e  15 M star drops f rom 

Ln IY 42660L0 t o  a minimum of Ln . ~ 2 9 6 5 O L ~ ,  a r e d u c t i o n  o f  o v e r  

30 p e r  c e n t .  

the  r a t e  L 

p r o d u o t i o n  rate.  On the o t h e r  hand ,  d u r i n g  t he  g r a v i t a t i o n a l  

c o n t r a o t i o n  p h a s e  i n  the 9Me s ta r ,  the ra te  of n u c l e a r  e n e r g y  

p r o d u c t i o n  d r o p s  by o n l y  6 per c e n t  and ,  a t  minimum Ln, gravi-  

t a t i o n a l  e n e r g y  i s  released a t  a r a t e  w h i c h  i s  o n l y  16 per, c e n t  

of the  n u c l e a r  e n e r g y  p r o d u c t i o n  rate.  

0 
' 

A t  minimum Ln, g r a v i t a t i o n a l  e n e r k y  i s  released a t  

N 17780L0, o r  a t  6 0  per  o e n t  o f  the n u o l e a r  e n e r g y  
g 

t-' 

Toward the end  of the o v e r a l l  c o n t r a c t i o n  phase and  d u r i n g  

the f i rs t  p o r t i o n  of  the  phase of h y d r o g e n - s h e l l  d e v e l o p m e n t ,  the 

i n n e r m o s t  of t he  two c o n v e c t i v e  l a y e r s  grows r ap id ly  i n  the 15 Mg 

star. The i n n e r  and o u t e r  b o u n d a r i e s  of t h i s  l a y e r  are d e f i n e d  

by the o u r v e s  Mcz and  Mco i n  F i g u r e  4. 

t h i s  g r o w t h  i s  a c o n s e q u e n c e  of  a n  i n c r e a s e d  e n e r g y  f l u x  e n g e n d e r e d  

n o t  o n l y  by the  i n c r e a s e  i n  i n t e r i o r  l u m i n o s i t i e s ,  b u t  a l s o  by the 

J u s t  as i n  t h e  9X0 star, 

dearease i n  the a r o s s  s e c t i o n a l  area t h r o u g h  which e n e r g y  f l o w s .  

A f t e r  the deve lopmen t  of t h e  s h e l l ,  the c o n v e c t i v e  l a y e r s  decrease 

g r a d u a l l y  i n  size, f i n a l l y  d i s a n n e a r i n g  when t 1.10 x 1 0  7 y r .  
7 C o n d i t i o n s  i n  the s t a r  at t = 1.04693 x 1 0  y r ,  when the m a j o r  

c o n v e c t i v e  l a y e r  has j u s t  passed i t s  maximum size, are shown i n  

F i g u r e s  5 and  6. The m a j o r  c o n v e c t i v e  l a y e r  i s  l o c a t e d  be tween  

m a s s  f r a o k i o n s  0.4767 and  0,5060.  N u c l e a r  e n e r g y  i s  p r o d u c e d  i n  

the h y d r o g e n - b u r n i n g  she l l  a t  the ra te  LH h, 51817L0, and  g r a v i t a t i o n a  

e n e r g y  is released i n  the h y d r ~ g e n ~ e x h a u s t e d  a o f e  (be tween  the  s t e l l a  

7 
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c e n t e r  a n d  m a s s  f r a c t i o n  N 0.17) a t  the ra te  (LglCore N 21300LO. 

A b s o r p t i o n  be tween t h e  s h o l l  c e n t e r  and  the s t e l l a r  s u r f a c e  O c c u r s  

a t  t he  a p p r o x i m a t e  r a t e  of Labs Bxpans ion  a n d  c o o l i n g  

o c c u r s  beyond mass f r a c t i o n  0.449; c o n t r a c t i o n  and  h e a t i n g  p reva i l  

i n t e r i o r  t o  t h i s  mass f r a c t i o n .  The d i v i s i o n  be tween  o u t w a r d  and' 

- 1 6 2 5 0 ~ ~ .  

i n w a r d  mass m o t i o n s  c o i n c i d e s  v e r y  n e a r l y  w i t h  the d i v i s i o n  between 

c o n t r a c t i o n  and  e x p a n s i o n .  

It w a s  f o u n d  i n  p r e v i o u s  papers t h a t ,  d u r i n g  the s h e l l  d e v e l o p -  

ment  stage a n d  the p e r i o d  o f  t h i c k  s h e l l  hydrogen-burn ipg ;  the  ' 

r e l a t i v e  e x t e n t  and  d u r a t i o n  o f  c e n t r a l  c o o l i n g  d i m i n i s h e s  with 

i n c r e a s i n g  s t e l l a r  mass. I n  the 19, star, c e n t r a l  c o o l i n g  does 

n o t  o c c u r  and  the g r a v i t a t i o n a l  e n e r g y  re leased by the c o n t r a o t i n g  

c o r e  c o n t i n u e s  t o  m a i n t a i n  a r e l a t i v e l y  s teep g r a d i e n t  be tween  

the  s t e l l a r  c e n t e r  and  the base of t he  s h e l l .  

Core t e m p e r a t u r e s  o o n t i n u e  t o  rise d u r i n g  and  a f t e r  s h e l l  

d e v e l o p m e n t ,  r e a o h i n g  high enough v a l u e s  t o  f i r e  the  N14(d,3)F18 

( p + p ) O l S  r e a c t i o n s  b e f o r e  the  she l l  b e g i n s  t o  na r row appreciably 

I n  m a s s  f r a c t i o n .  

f o r c e s  the deve lopmen t  of a c o n v e c t i v e  c o r e  ( s e e  c u r v e s  X I 4  and  Mcc 

I n  F i g u r e  4). 

c o n v e c t i v e  c o r e  b e g i n s  t o  r e c e d e ,  b u t  e n e r g y  g e n e r a t i o n  b y  t he  

t r i p l e - d  p r o c e s s  f o r c e s  i t  t o  i n c r e a s e  a g a i n  i n  mass f r a c t i o n  

( s e e  c u r v e s  x 12 a n d  Mcc I n  Figure b).. 

Energy  produced  by the  N 1 4  + 0l8 o o n v e r s i o n  

As c e n t r a l  N1' i s  r e d u c e d  t o  nomina l  v a l u e s ,  the 

The s t e l l a r  r ad ius  decreases  

f o r  a peri 'od o f  a 2  x 10 4 y r  (see  t he  c u r v e  R vs t i n  F i g u r e  4 a n d  

the e v o l u t i o n a r y  path near p o i n t  7 i n  F i g u r e  1) a n d  t h e n  inoreases  

g r a d u a l l y  as the star e n t e r s  the  m a j o r  phase of oore he l ium-burn ing .  



IV. THE CORE HELIUWBURNING PHASE 

C o n t r a r y  t o  i t s  behavior  i n  less  massive stars, which reach 

the r e g i o n  of  red g i a n t s  and d e v e l o p  a deep c o n v e c t i v e  e n v e l o p e  

b e f o r e  embarking  on the h e l i u m - b u r n i n g  phase, the  r a d i u s  of the  

15 Mo star a o n t i n u e s  t o  i n c r e a s e  t h r o u g h o u t  m o s t  of t he  p e r i o d  of 

o o r e  h e l i u m - b u r n i n g  (see R vs  t i n  F i g u r e  3) .  S h o r t l y  a f t e r  t h o  

7 b e g i n n i n g  of the t r i p l e - d  p r o c e s s  i n  the c o r e  ( t  (u 1.0601 x 10 yr)  

a n d  o o n t i n u i n g  t h r o u g h o u t  the p e r i o d  of i n c r e a s i n g  s te l8ar  l u m i n o s i t y  

t h e  r a t e  of  e n e r g y  p r o d u c t i o n  i n  t he  h y d r o g e n - b u r n i n g  s h e l l  decreases 

I 
I -  , 

m o n o t o n i c a l l y  ( s e e  LH i n  F i g u r e  3 a n d  l o g ( L )  i n  F i g u r e  2) .  

is e x a c t l y  the reverse  of w h a t  o c c u r s  i n  l i g h t e r  stars. 

This 

I That e n v e l o p e  c o n t r a c t i o n  and  a n  i n o r e a s e  i n  shell s t r e n g t h  

s h o u l d  o c c u r  t o g e t h e r  i n  t he  l i g h t e r  stars, w h i l e  e n v e l o p e  e x p a n s i o n  

a n d  a decrease i n  shell s t r e n g t h  s h o u l d  o c c u r  t o g e t h e r  i n  the  more 

massive star, m i g h t  n o t  h a v e  been a n t i c i p a t e d  p p r i o r i .  T h a t  

the  o p p o s i t e  b e h a v i o r  o c c u r s  i n  the  two classes of stars  i s  pre- 

sumably  a c o n s e q u e n c e  of d i f f e r e n c e s  in e n v e l o p e  o p a c i t y  a n d  i n  

t he  q u i t e  d i f f e r e n t  r e l a t i o n s h i p  be tween  core  s t r u c t u r e  a n d  e n v e l o p e  

S t r u c t u r e  a t  t he  i n i t i a t i o n  of the  t r i p l e - d  p r o c e s s .  

P r i o r  t o  a n d  d u r i n g  core  h e l i u m - b u r n i n g ,  the o p a c i t y  s o u r c e  

t h r o u g h o u t  the 15 No star i s  a l m o s t  e n t i r e l y  t e m p e r a t u r e  a n d  d e n s i t y  

i n d e p e n d e n t  e l e c t r o n  scattering. Energy *---- r r a ' ' = f ~ r  thrn~gh the en- 

v e l o p e  I s  solely by r a d i a t i v e  d i f f u s i o n .  . I n  the  , l ighter  stars, 

p r i o r  t o  the m a j o r  h e l i u m - b u r n i n g  qhase, c o n v e c t i o n  t r a n s p o r t s  

4 



e n e r g y  o v e r  a maJor  f r a o t i o n  of t h e  mat ter  J e t w e e n  the s h e l l  a n d  

t h e  s u r f a c e .  I n  e n v e l o p e  r e g i o n s  n o t  u n s t a b l e  aga ins t  o o n v e o t i o n ,  

e n e r g y  t r a n s f e r  by r a d i a t i v e  d i f f u s i o n  i s  c o n t r o l l e d  by a d e n s i t y  

and  t e m p e r a t u r e  d e p e n d e n t  o p a c i t y ,  

The 15 Ma star  spends a l m o s t  n i n e t y  p e r  c e n t  of t h e  c o r e  

h e l i u m - b u r n i n g  phase i n  t he  r e g i o n  be tween p o i n t s  7 and  1 0  i n  

F i g u r e  1. C o n d i t i o n s  i n  t h e  s t e l l a r  i n t e r i o r  at t m 1,135396 

x 107yr, a p p r o x i m a t e l y  ha l f -way be tween  p o i n t s  8 a n d  9, are shown 

i n  F i g u r e  7. Energy  p r o d u c t i o n  i n  the c o r e ;  where X4 I 0.,458, 
L 

X = 0.236, and X I 0.276; c o n t r i b u t e s  33 per c e n t  o f  t h o  t o t a l  
L 1 2  16 

n u c l e a r  e n e r g y  p roduced  per second.  A b s o r p t i o n  i n  t h e  e x p a n d i n g  

e n v e l o p e  i s  n e g l i g i b l e .  Tho r e d i s t r i b u t i o n  of hydrogon a n d  h e l i u m  

b r o u g h t  a b o u t  by l a y e r  con1:oction a f t e r  t he  main sequence  phase 

is s t i l l  v e r y  m u c h  i n  ev id f .nce .  

A f t e r  r e a c h i n g  point 0 i n  Figure 1, the r a t e  a t  which tho 

15 Mo star p a s s e s  t h r o u g h  .hc H-R d i a g r a m  b e g i n s  t o  a c c e l e r a t e ,  

P a s s a g e  t h r o u g h  t h e  observational Cephe id  s t r i p  ( t a k e n  as  a l i n e a r  

e x t e n s i o n  o f  t h e  s t r i p  d e f i n e d  in F i g u r e  1 of P a p e r  111). be tween  

log(T.1 - 3.679 a n d  l o g ( T e )  .I 3.659, r e q u i r e s  o n l y  865 yr. 

a f t e r  p a s s i n g  t h r o u g h  t h e  - ' l o i d  s t r i p ,  e n v e l o p e  c o n v e c t i o n  

a s s u m e s  a dominan t  i m p o r t a  c c  and the star b e g i n s  to a s c e n d  s t e e p l y  

i n  t h e  H-R diagram. Passa;a u p  the g i a n t  b r a n c h  w i l l  be halted 

S h o r t l y  

o n l y  when c e n t r a l  t e m p e r a t u r e s  reach high enough  values t o . i g n i t e  

the n e x t  n u o l e a r  f u e l .  I n  t h e  p r e s e n t  i n s t a n c e  ( V  

this fuel w i l l  be 0 

= Qg12),  b12 
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7 
C o n d i t i o n s  w i t h i n  the  s tar  a t  t I 1.211213 x 10 y r ,  n e a r  the 

e n d  o f  the  e v o l u t i o n a r y  pa th  i n  F i g u r e  1 ( l o g ( T e )  = 3.6103, l o g ( L )  - 4.8418). are shown i n  F i g u r e  8.  C e n t r a l  a b u n d a n c e s  i n c l u d e  

The rate a t  which g r a v i t a t i o n a l  e n e r g y  i s  released a t  the c e n t e r  

is a b o u t  2 p e r  o e n t  of the r a t e  o f  n u c l e a r  e n e r g y  g e n e r a t i o n  a t  

the c e n t e r .  I n  t he  r e g i o n  between t h e  c e n t e r  and the hydrogen=  

b u r n i n g  s h e l l ,  g r a v i t a t i o n a l  e n e r g y  i s  released a t  t h o  r a t e  of 

Approx ima te ly  o n e - h a l f  of the  t o t a l  r a te  o f  nuc le , a r  e n e r g y  

p r o d u c t i o n ,  Ln = 68556Lo, i s  c o n t r i b u t e d  by the h y d r o g e n - b u r n i n g  

she l l .  The r e m a i n d e r  i s  c o n t r i b u t e d  by h e l i u m - b u r n i n g  i n  t h e  

c o n v e c t i v e  c o r e  (mass  f r a c t i o n  Picc = 0,16575)  a n d  by the N 1 4  2 01* 
r e a c t i o n s  i n  a m i n o r  s h e l l  cen tered  a t  mass f r a c t i o n  ~ 0 . 2 2 7 .  

A b s o r p t i o n  i n  t h e  e x p a n d i n g  e n v e l o p e  reduces t h e  r a t e  a t  which 

e n e r g y  reaches the s u r f a c e  by L * 8593L,. 
abs 

A s  may be s e e n  f r o m  the d i s t r i b u t i o n  o f  He3 i n  F i g u r e  8, the 

7 mass f r a c t i o n  i n  the c o n v e c t i v e  e n v e l o p e  a t  t = 1.211213 x 10 y r  

i s  P M ~ ~  = 0.2013, 7 In t h e  l a s t  model computed ( t  I 1.211368 x 1 0  y r  

the  m a s s  f r a c t i o n  i n  t h e  c o n v e c t i v e  e n v e l o p e  is  AM,^ 0,341. 

S i n c e  c e n t r a l  temperatures are r i s i n g  a t  a r a t e  of o n l y  3.4 x 107 OK, 

1 0  y r ,  whereas the mass f r a c t i o n  i n  the  c o n v e c t i v e  e n v e l o p e  i s  

i n o r e a s i n g  a t  t he  ra te  of 0.905/10 4 y r ,  i t  i s  p r o b a b l e  t h a t  e n v e l o p e  

4 

c o n v e o t i o h  w i l l  e x t e n d  a l m o s t  t o  t he  h y d r o g e n - b u r n i n g  she l l  b e f o r e  

t he  On the basis  of the S o l 6  -P S32 r e a o t i o n s  b e g i n  i n  the o o r e .  

abundanoe  d i s t r i b u t i o n s  i n  t h e  l a s t  model  computed ,  one  may e x p e c t  



a c o n s i d e r a b l e  a l t e r a t i o n  i n  surface a b u n d a n c e s  when t h e  s tar reaches 

the  red g i a n t  t i p .  Assuming t h a t ,  a t  t h e  red g i a n t  t i p ,  c o n v e c t i o n  

p r e v a i l s  o v e r  t h e  o u t e r  68.3 p e r  c e n t  of t h o  s tar’s  m a s s ,  the ’ 

s u r f a c e  r a t i o  of N 1 4  t b  C 1 2  w i l l  i n c r e a s d  by a f a c t o r  o f  4.86 

f rom a n  i n i t i a l  v a l u e  of 0.333 t o  1.62. The s u r f a c e  abundance  

Of  w i l l  d r o p  f r o m  1.08 x l o o 2  t o  9.1 x loo3,  the s u r f a c e  abun- 

d a n c e  o f  hydrogen  w i l l  d r o p  f r o m  0.708 t o  0.645, while  t h e  surface 

abundance  o f  He4 w i l l  i n c r e a s e  f r o m  0.272 t o  0 . 3 3 5 .  

The c o n v e r s i o n  of 0l6 I n t o  Nez0 has n o t  b e e n  inc luded .  i n  
1, 

the  c a l c u l a t i o n s .  Us ing  the maximum o f f - r e s o n a n t  r a t e  f o r  the 

016(o(,))Na20 r e a c t i o n  g i v e n  by F o w l e r  and  Hoyle (1965) .  one  f i n d s  

t h a t ,  at t h e  c e n t e r  o f  the l a s t  model c o n s i d e r e d  (Tc = 299.57 x 1 0  6 

- 4 0 9 5 . 7 g m / ~ m 3 ~  (X12)c = 1.09 x ( X - J ~ ) ~  = 0.958, ( X b j 0  = 
20 

Pc 
0.0110)  

r e a c t i o n  f o r  e v e r y  28 which  are consumed by t h e  C12(d,))016 

r e a c t i o n .  v i a  

the h ’ c ~ ~ ~ ( d , Y  )Mg2’ r e a c t i o n  has p r o b a b l y  procended t o  a c o n s i d e r a b l e  

e x t e n t  i n  the  s t e l l a r  c o r e ,  t h u s  p r o v i d i n g  n e u t r o n s  f o r  J - p r o c e s s  

o n l y  one & - p a r t i c l e  i s  consumed by  the 016(d,))Ne 

On the o t h e r  h a n d ,  the  c o n v e r s i o n  o f  h:eZ2 i n t o  
e 

s y n t h e s i s .  Because  o f  the  u n c e r t a i n t y  i n  the  c r o s s  s e c t i o n ,  t h i s  

r e a c t i o n  has n o t  been  e x p l i c i t e l y  c o n s i d e r e d .  

N e u t r i n o  losses by t h e  p a i r  a n n i h i l a t i o n  p r o c e s s ,  t hough  

n e g l e c t e d  i n  t he  p r e s e n t  c a l c u l a t i o n s ,  are o f  i m p o r t a n c e  i n  the 

l a s t  models c o n s t r u o t e d .  Using the  loss r a t e  by pa i r  a n n i h i l a t i o n  

-- 

g i v e n  by Powle r  a n d  Hoyle ,  n e u t r i n o  losses a t  t he  c e n t e r  of the  

model described i n  B i g u r e  8 (Tc = 294.55 x 1 0  6 0  K, f c  - 3888. 7 g m / c m 3  

O O C U ~  a t  the ra te  tP3 = -5.85 x 1 0  4 erg gmo1seco1. N u c l e a r  and  



g r a v i t a t i o n a l  e n e r g y  i s  released a t  the  c e n t e r  a t  the  r a t e  

+ E  ) = 3.66 x 1 0  5 erg gm'lsec-', so 6 c o n v e n t i o n a l  ('nut. g rav  

that ( 6.9 / 'conventional 
) = -0.160. A t  the c e n t e r  o f  the l a s t  

model computed ,  the  c o p r e s p o n d i n g  q u a n t i t i e s  are cT2= -8.20 X 

5 -1 -1 - 3.24  x 1 0  erg g m  sec . 10 ere gm''seo-1 and  ~ o o n v a n t i o n a l  
4 

( c y ?  / € c o n v e n t i o n a l  ) = -0.254 a n d  i t  i s  c l e a r  t h a t  n e u t r i n o  

l o s s e s  w i l l  p l a y  an  i m D o r t a n t  r o l e  d u r i n g  the l a s t  s tages  of c o r e  

h e l i u m - b u r n i n g  as w e l l  as d u r i n g  s u b s e q u e n t  e v o l u t i o n a r y  stages. 

H a y a s h i  and  h i s  c o l l a b o r a t o r s  ( H a y a s h i ,  H o s h i ,  a n d  Sug imoto  
L... 

1 9 6 2 ;  H a y a s h i  and  Cameron 1962a .  b; 1 9 6 4 )  have s u g g e s t e d  t h a t  

t he  d i s t r i b u t i o n  i n  the H-R d i a g r a m  o f  stars i n  h a n d  2 P e r s e i  

( l a rge  p o p u l a t i o n  of red s u p e r - g i a n t s  r e l a t i v e  t o  the  p o p u l a t i o n  

o f  u p p e r  main  s e q u e n c e  stars and e a r l y  g i a n t s )  p r o v i d e s  e v i d e n o e  

a g a i n s t  the  o c c u r r e n c e  of the  p a i r  a n n i h i l a t i o n  p r o c e s s  a t  t he  

r a t e  p r e d i c t e d  by t h e  c o n s e r v e d  v e c t o r  c u r r e n t  t h e o r y  of weak 

i n t e r a c t i o n s .  

The a rgumen t  a s s u m e s  t h a t  t h e  e v o l u t i o n  f o l l o w i n g  t he  

e x h a u s t i o n  of c e n t r a l  h e l i u m  w i l l  o c c u r  on  a K e l v i n - H e l m h o l t e  

t ime-scale  and  w i l l  n o t  p r o c e e d  a g a i n  on a n u c l e a r - b u r n i n g  t i m e -  

sca le  u n t i l  c e n t r a l  t e m p e r a t u r e s  reach s u f f i c i e n t l y  high v a l u e s  

f o r  c o r e  c a r b o n - b u r n i n g  (if V 4 1 2  - Tbl2 0 ) t o  r e d u c e  t he  r a t e  o f  

c o r e  c o n t r a o t i o n .  N e u t r i n o  losses w i l l  p r e s u m a b l y  r e d u c e  the 

t ime-scale  for o o r e  n u c l e a r - b u r n i n g  by a c o n s i d e r a b l e  amount 

( r e l a t i v e  t o  the  t ime-scale  w i t h o u t  n e u t r i n o  losses) and  reduce 

the  t i m e  s p e n t  i n  t h e  red g i a n t  r e g i o n  by a f a c t o r  i n c o n s i s t e n t  

w i t h  t he  parge p o p u l a t i o n  of red s u p e r - g i a n t s  i n  h and  2! P e r s e i .  
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The v a l i d i t y  of t h i s  a r g u m e n t  rests on the  a s s u m p t i o n  t h a t  the 

massive red s u p e r - g i a n t s  i r  h and 2 Persei are i n  the  c o r e  c a r b o n -  

b u r n i n g  ( o r  c o r e  oxygen-bui &i : . g )  phase. 

It is s u g g e s t e d  here -2s: e v o l u t i o n  a l o n g  the red g i a n t  

b r a n c h ,  be tween t h e  t e r m i n a t i o n  o f  c o r e  h e l i u m - b u r n i n g  a n d  the 

b e g i n n i n g  of t h o  n e x t  s t a g e  o f  core n u c l e a r - b u r n i n g ,  may n o t  be 

on a Kelvin-Helmhol tz  t i m e - s c a l e .  N e u t r i n o  losses f r o m  c e n t r a l  

r e g i o n s  m a y  a c t  as a refr i  ,t. 'That is, tho e n e r g y  n e c e s s a r y  

t o  supply n e u t r i n o  losses <-.y c o z o  in p a r t  f r o m  t h e r m a l  m o t i o n s ,  

w i t h  the r e s u l t  t ha t  c o r e  t e n n s r a t u r e s  w i l l  n o t  i n c r e a s & ' a s  r a p i d l y ,  

r e l a t i v e  t o  the i n c r e a s e  i n  d e n s i t y ,  as would have been  the c a s e  

w i t h o u t  n e u t r i n o  losses. Thus, core n e u t r i n o  l o s s e s  may have 

the e f f e c t  of p r o l o n g i n g  t h e  t i m e  s p e n t  along the  red g i a n t  b r a n c h  

d u r i n g  combined hydrogen-  and h e l i u m - s h e l l  b u r n i n g  in the a b s e n c e  

of a aore s o u r c e  o f  n u o l e a r  energy. 



-- 

V. THlj Br’FECT OF REDUCIXU’S 

TH6 C ’ * ( C X , J ) O ~ ~  CROSS SECTION I 

A r e d u c t i o n  by a f a c t o r  of t e n  i n  t he  C12(d,))016 c e n t e r  
- 

of m a s s  c r o s s  s e c t i o n  has e s s e n t i a l l y  n o  i n f l u e n c e  on the path 

Of  the 15 Mo s t a r  i n  the H-R diagram d u r i n g  the c o r e  h e l i u m -  

b u r n i n g  phase ( see  F i g u r e  1). However, due t o  a decrease i n  the 

average e n e r g y  re leased per  o l -par t ic le  oonsumsd,  the  t o t a l  

t i m e - f o r  the c o r e  h e l i u m - b u r n i n g  phase i s  s l i g h t l y  reduded from 

1.571 x 1 0  y r  t o  6 1.442 x 106yr .  

The v a r i a t i o n  w i t h  t i m e  of p e r t i n e n t  o b s e r v a b l e  and  i n -  

t e r i o r  cha rac t e r i s t i c s  I s  shown i n  F i g u r e  8. Excep t  f o r  the 

0l6 and C12 a b u n d a n c e s ,  a l l  q u a n t i t i e s  i n  F i g u r e  9 v a r y  i n  a 

f a s h i o n  so s i m i l a r  t o  the v a r i a t i o n s  shown i n  F i g u r e s  2 and 3 ,  

t h a t  a d i s c u s s i o n  I s  u n n e c e s s a r y .  From the p o i n t  of view o f  

i t s  e f f e c t  o n  more advanced  e v o l u t i o n a r y  phases, the o n l y  c h a n g e  

e n g e n d e r e d  by r e d u c i n g  the C 

hancement  i n  the f i n a l  c o r e  abundance  of C r e l a t i v e  t o  the  

f i n a l  o o r e  abundance  o f  0 ( see  c u r v e s  X vs t and X vs  t 

i n  F i g u r e s  2 and 9).  E x t r a p o l a t i n g  t o  the t i m e  when X I 0,  

f i n a l  c o r e  a b u n d a n c e s  of C 1 2  and 0 

12 1 6  
( d , ) ’ ) O  c r o s s  s e c t i o n  i s  an en- 

12 

16 
12 16 

4 

41 2 
16 

= VoL12, 
, i n  the case d 

are f o u n d  t o  be x12 - 0.00 a n d  x16 - 0.966. I n  t h e  case 6412 I 

c ? - , ! l O ,  f i n a l  oore abundancas are X- I 0.294 and X- I ‘0 ,672.  
41 Z 12 10 
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EVOLUTIONARY LIPSTINES ( 1 0 7 ~ ~ ~ )  
, -  

_ _  ~ 

p o i n t  1 2 3 4. 

t i m e  0.0138234 0.663253 1.024045 1 . 046745 
p o i n t  4' 5 6 7 

- 

t i m e  1.047159 1.0489 83 1 . 050644 1.054302 

p o i n t  - 8 9 10 11 

t i m e  1.113604 1.154207 1.192760 1.208043 

t i m e  1.210199 1.211368 1 . 106956 1.138944 

p o i n t  (10) (11 1 (12) 1 

- 
- .  

t i m o  1.172234 1.196159 1.19 8475 0.0 

p o i n t  
- 
2 7i 

t i m e  0.91 1.87 1.88363 1.88460 

17 



h 

d 
cd 
u 
0 
Q v 
\ 
u 
Q 
0 
0 
'd 
Y 

v 
Q 

[A 

H 
0 a 

!2 



REFERBNC ES 



FIGURE CAPTIONS 

gig, 1. P a t h s  i n  t h e  t h e o r e t i c a l  H e r t z s p r u n g - R u s s e l l  diagram 

f o r  15  Ma and  15.6 Mo stars of p o p u l a t i o n  I c o m p o s i t i o n .  

The s o l i d  c u r v e  j o i n i n g  c i r c l e d  p o i n t s  d e f i n e s  the  path 

o f  a 15 &Ig star (XH = 0.708, 2 = 0 .02)  when t h e  l a rger  

(Q;12) of 

s e c t i o n  i s  u s e d .  T h e  dashed c u r v e  d e f i n e s  the p a t h  of 

two c h o i c e s  f o r  the  cl'(d,k)0l6 cross 

the  1 5  Mg s ta r  (X 

(<t12/10)  c r o s s  s e c t i o n  i s  used. 

boxed p o i n t s  g ives  t h e  pa th  of a 15.6 Mo star (XH P 0.90, 

2 = 0 . 0 2 )  computed by S a l t a s h i t a ,  Ono, a n d  Hayash i  (1959) 

I 0 . 7 0 8 ,  2 = 0 . 0 2 )  when the ' . ' smal ler  
11 

The s o l i d  c u r v e  j o i n i n g  

a n d  by H a y a s h l  and  Cameron (1962) .  L u m i n o s i t y ,  L, i s  

i n  u n i t s  of Lo - 3.86 x 1033erg / sec  a n d  s u r f a c e  t e m p e r a t u r e ,  
0 is i n  u n i t s  of K. 

e 

Fig, 2, The v a r i a t i o n  w i t h  t i m e ,  t ( u n i t s  of 10  7 y r ) ,  o f  l u m i n o s i t y  

(L), s u r f a c e  t e m p e r a t u r e  (T,), m a s s  f r a c t i o n  i n  the  con-  

vec t ive  c o r e  (Mcc),  mass f r a c t i o n s  i n  two c o n v e c t i v e  l a y e r s  

(M4, a n d  My, ) ,  and c e n t r a l  abundance  by m a s s  o f  H (X ) ,  1 
H 

Ho L (Xb), C 12 ( X 1 2 ) ,  and 016(X,6). The u n i t  of l u m i n o s i t y  

i s  Lo .I 3.86 x 1033erg sac" a n d  the  u n i t  of  s u r f a c e  

t e m p e r a t u r e  i s  IC. To the l e f t  of t h e  b r e a k  i n . t ,  

v e r t i c a l  s o a l e  l i m i t s  c o r r e s p o n d  t o  4.1 4 log(L) C 5.1, 

0 

20 



and  0.0 6 XH, xr  4- 1.0, 
t ,  scale  l i m i t s  : a r ? o s p o n d  t o  4.1 5 l o g ( L )  \c 5.1, 

To the  r i g h t  of t h e  break i n  
4 

3.56 < l o g  (T,,) 6 4.56, 0.0 < N c o  <(2/3), a n d  

o.o< Xk, X12,  Xn6 < 1.0. 
7 Fig. 3. The  v a r i a t i o n  w; :I Lime, t ( u n f t s  o f  1 0  y r ) , o f  r a d i u s  (R), 

c e n t r a l  d e n s i t y  

r a t e  n u c l e a r  enc .:gy p r o d u c t i o n  i n  t h e  h y d r o g e n - b u r n i n g  

f- ’ c), c e n t r a l  t e m p e r a t u r e  ( T c ) ,  the 

s h e l l  (LH), and zhe r a t e  o f  e n e r g y  p r o d u c t i o n  by helium- 

b u r n i n g  r e l a t i v e  t o  the  r a t e  o f  e n e r g y  p r o d u c b i o n  by 

hydrogen-burn in :  /Liis. U n i t s  are Ro - 6.96 x l O l 0 c m  

f o r  r a d i u s ,  l o 6  
and Lo I 3.86 x LO-’” erg sec 

: ^ o r  t e m p e r a t u r e ,  gm c m o 3  for d e n s i t y ,  
- -1 for LII. To t h e  l o f t  o f  

the b r e a k  i n  t, sca le  l i m i t s  c o r r o s p o n d  t o  0.2 4 . R  d 1 0 . 2 ,  

5 6 pc \c 15, and 31.6,c Tc< 41.6. 

b r e a k  i n  t ,  0 < 3 < 100, 1.1 6 log( ) 

\c 2.5, 0 \< LH ( l o5 ,  and  0 ,c LHe/LH \< 2.0. 

To the  r i g h t  o f  t h e  
I 

3.6, 1.5 \ ( ’ log (Tc)  f c  

Fig ,  4, The variation with t i m e ,  t ( u n i t s  of 1 0  7 y r ) , o f  c e n t r a l  

d e n s i t y  ( ) ,  c e n t r a l  t e m p e r a t u r e  ( T c ) ,  l u m i n o s i t y ( L ) ,  

r a t e  of n u c l e a r  e n e r g y  p r o d u c t i o n  (L,), s t e l l a r  r a d i u s  

(R), mass f r a c t i o n  o f  the  i n n e r  and o u t e r  b o u n d a r i e s  

f c  

L,  and  R are t h e  same as 
f a ’  

. c ~ ” ( x  1, U n i t s  f o r  T ~ ,  
12 

i n  F i g u r e s  2 a n d  3.  Ln has the  same u n i t s  as L, Scale 
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XI2, x 6 0.10. 
1 4  

gig. 5.  The v a r i a t i o n  with mass f r a c t i o n  of s t a t e  v a r i a b l e s  

7 when t I 1.04693 x 1 0  yr. V a r i a b l e s  h a v e  t h e  s ig-  

n i f i c a n c e  ( a n d  p h y s i c a l  u n i t s )  t P I p r e s s u r e  (1017dyne /  

c m  2 ), T I t e m p e r a t u r e  ( l o 6  K), ,O I d e n s i t y  (grn/cm 3 ) ,  
c 

L - l u m i n o s i t y  (3.86 x 1 0 3 3 e r g / s e o ) ,  a n d  R =: .radius  

(6.69 x l o l o  c m ) .  Scale l i m i t s  c o r r e s p o n d  t o  0 . 0  \< P,< 
2.47603. 0 . 0  5 T d 63.6549, 0.0 \C 52.5432, 0.0 $ L,C 

56865.6, and 0.0 R \C 5.34827. The mass f r a c t i o n  i n  

t h e  s t a t i c  e n v e l o p e  is 0.0128903 and t h e  s t e l l a r  r a d i u s  

i s  8.66432R,. 
us = 

A 

Fig .  6. The v a r i a t i o n  w i t h  mass f r a c t i o n  of c o m p o s i t i o n  v a r i a b l e s  

7 when t I 1.04653 x 1 0  y r .  The Xx a r e  a b u n d a n c e s  by 

Scale l i m i t s  c c , r r c s n o n d  t o  0.0 < XH \C 0.708,  0.0 \C X L K  

F i g .  7. The v a r i a t i o n  7 i t ; ;  m a s s  f r a c t i o n  o f  s t a t e  and  con-  

p o s i t i ~ f i  vii r izLics  :+her! t = 1.13540 x 10 ? yr. V a r i a b l e s  

have  the same s i g n i f i c a n c e  and  u n i t s  as  i n  Figures 5 

and  6.  
3' 

The abundance by m a s s  of H e 3  i s  g i v e n  by X 



Sca le  l i m i t s  correspond to 0.0 6 P LS' 139.542, 0.0 \c 'T\C 

179.734, O . O \ c  ,C 1163.58, 0.0 < L C67890.7,  0.0 \. R C  f 
20.4101, 0.0 \C XH \c0.708, 0.0 <X3,< 1.740 x l o o 5 ,  

0.0 < X4 4 0*.9761, 0.0 4- X14 C 1.452 x loo2. 

f r a c t i o n  i n  the s t a t i c  envelope is 0.0128903 and the 

s t e l l a r  r a d i u s  i s  € I s m  38.0497 ROO 

The m a s s  

Fig. 8. The v a r i a t i o n  with mass f r a c t i o n  o f  s t a t e  and com- 

7 p o s i t i o n  var iabr  2s when e .= 1.21121 x 1 0  yr .  Variables  

have the s a m e  s : . : n f f i c a n c e  a n d  u n i t s  as i n  F i g u r e s  5 
[. 

0.0,c p,< 7 2  7.2 5-32 
and 6. S o a l e  l : . n i t s  c o r r e s p o n d  to 0.0 4 T 6 294.552, 

A 

0.0 LCXH C 0.7G : u  0 . 0  < X  6 1.740 x 0.0 k c X 4 ' - (  3 
0,9760, 0.0 KX- ,. 1 . 7 W  x 10 -2 , and 0.0 G X  6 1.451 x 1 

1.2 IrC 
The m a s s  f r a c t i o n  i n  ths s t a t i c  envelope i s  0.0275827 

and the  s t e l l a r  r z c i i u s  i s  R = 530.383 Roo 
S 

Pig.  9. The v a r i a t i o n  LJ . . - .1. (r ( u n i t s  of 10 7 y r )  of s e v e r a l  

observable  and . _  :;ar c h a r a c t e r i s t i c s  when the c r o s s  

s e c t i o n  f o r  t he  C 1;: (d',i)016 r e a c t i o n  i s  chosen  t e n  t i m e s  

s m a l l e r  t h a n  t ha t  u s e d  i n  t h e  main i n v e s t i g a t i o n .  V a r i -  

ables have t h e  same s i g n i f i c a n c e  and physical  u n i t s  as 

i n  F i g u r e s  2 and 3. Scale l i m i t s  c o r r e s p o n d  t o  4.675 ,< 
log[L) \< 4,925; 2.L .c loe(T 1 6 b,L, 20 s r .,r 270, 

e C 

j O O \ ! y o  ,< 3000,  0 kc 14 4 (2 /3 ) ,  0 \ c L H  &- lo', and cc 
0.0 \-5 x4, X12, X16 \ ~ 1 . 0 .  
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